ABSTRACT Increased dietary protein intake rapidly (3 h) decreases malic enzyme and increases hepatic histidase mRNA expression. Experiments were conducted to determine the role that individual dispensable amino acids and nonprotein N sources might have in regulating the activity of these enzymes and to determine if the addition of a N supplement to a practical broiler diet during the entire rearing period would reduce abdominal fat accumulation in broilers. Broiler chicks were fed a basal diet containing 22% protein or this diet supplemented with 9.5% L-Glu, 5% Gly, 6% L-Ala, 5.08% ammonium bicarbonate, or 4.25% dibasic ammonium phosphate for 24 h. Each of the dietary supplements added 0.90% total N to the diet. Hepatic malic enzyme mRNA expression was significantly (P < 0.05) depressed in chicks fed any of the
INTRODUCTION
Malic enzyme (EC 1.1.1.40) is a cytoplasmic protein that catalyzes the oxidative decarboxylation of malate to pyruvate and CO 2 while simultaneously generating NADPH from NADP + . The generated NADPH can be utilized in the de novo synthesis of palmitate, which is the precursor molecule for the formation of other longchain fatty acids. The activity of hepatic malic enzyme is positively correlated with the rate of fatty acid synthesis, the percentage of body fat, and the percentage of abdominal fat in chicks (Yeh and Leveille, 1969; Pfaff, 1977; Tanaka et al., 1983; Grisoni et al., 1991; Adams and Davis, 2001; Chendrimada et al., 2006) .
Histidase (EC 4.3.1.3) deaminates L-His to trans-urocanic acid. In the liver, urocanase converts trans-urocanic acid to imidazolonepropionic acid, which is subsequently converted to Glu. Hepatic histidase mRNA expression and activity increase when chicks are fed increasing levels of dietary protein (Scott and Austic, 1982; Keene and ©2007 Poultry Science Association Inc. Received February 3, 2007 . Accepted May 24, 2007 This research was supported in part by grant number 280 from the US Poultry and Egg Association, Tucker, Georgia. supplemented diets compared with chicks fed the basal diet. Histidase mRNA expression, however, was only significantly increased in the chicks fed the basal diet supplemented with Gly. Broilers fed practical corn-soybean meal starter and developer diets supplemented with 2.3, 4.7, or 9.5% Glu from 0 to 40 d of age had significantly smaller abdominal fat pads relative to BW than broilers fed the unsupplemented corn-soybean meal diets. Feeding the Glu supplements, however, reduced the overall BW gain of broilers by 100 to 150 g compared with broilers fed the unsupplemented diets. The results suggest that hepatic mRNA expression of malic enzyme may be regulated by total dietary N intake, whereas hepatic mRNA expression of histidase may be regulated by specific amino acids. Austic, 2001; Chendrimada and Davis, 2005; Chendrimada et al., 2006) . Adams and Davis (2001) reported that switching chicks from a basal protein diet (22 g/100 g of diet) to a low-(13 g/100 g of diet) or high-(40 g/100 g of diet) protein diet resulted in a rapid (3 h) change in the expression of the mRNA for malic enzyme. A switch to a low-protein diet increased the level of malic enzyme mRNA, whereas feeding a high-protein diet decreased its level. In contrast, the activity of hepatic histidase was significantly increased 3 h after the chicks were fed the diets containing higher levels of dietary protein (Chendrimada and Davis, 2005) . Subsequent research to determine if malic enzyme and histidase mRNA expression were regulated by a mixture of indispensable or dispensable amino acids indicated that although supplementing the basal (22%) protein diet with indispensable or dispensable amino acids significantly altered the mRNA expression of malic enzyme and histidase, both supplements failed to elicit a response equivalent to the high (40%) protein diet (Chendrimada et al., 2006) . When the indispensable or dispensable amino acid supplements were added to the basal diet, the concentration of the individual indispensable or dispensable amino acids of the supplemented diet equaled the concentrations of these amino acids in the high-protein diet. Thus, the total N content of the indispensable and dispensable amino acid-supplemented diets was intermediate to the levels contained in the basal and high-protein diets. Therefore, the intermediate mRNA expression of malic enzyme and histidase in the chicks fed either the indispensable or dispensable amino acid supplement suggested that the regulation of the hepatic mRNA expression of these 2 enzymes is based on the intake of a specific mixture of indispensable and dispensable amino acids or simply on total dietary N intake.
The present research was conducted to determine if supplementing the basal protein diet with individual amino acids or nonprotein N compounds would elicit a change in both histidase and malic enzyme mRNA expression. In addition, the present research will determine if the addition of a dietary supplement, known to rapidly depress malic enzyme mRNA expression, to practical corn-soybean meal starter and grower-finisher diets will reduce the abdominal fat pad weight of broilers raised on these diets from 0 to 40 d of age.
MATERIALS AND METHODS

Experiments 1 and 2
These experiments were conducted to determine the role of increased dietary N intake from individual amino acid or nonprotein N supplements on the regulation of malic enzyme and histidase mRNA expression. One-dayold mixed-sex broiler chicks were raised in thermostatically controlled, electrically heated battery brooder cages with wire floors. The cages were lighted for 24 h/d, and the chicks had free access to a practical chick starter diet and water. Seven days after hatching, the chicks were sorted by weight, and those with extreme weights were discarded. The remaining chicks were randomly assigned to experimental groups so as to achieve a similar weight distribution among all pens. The chicks were then fed a glucose monohydrate and isolated soybean protein-based basal diet containing 22% protein for an acclimation period of 4 or 5 d, after which they were given access to the experimental diets. The semipurified basal diet used in the present experiments was the adjusted basal diet reported previously (Adams and Davis, 2001) . For the sake of convenience, the adjusted basal diet will be designated as the basal diet in this manuscript. At the end of each experiment, feed consumption and BW gain were determined for each pen. The chicks were killed by cervical dislocation to obtain liver samples for RNA extraction. The Institutional Animal Care and Use Committee of the University of Georgia approved all animal procedures.
After the acclimation period in experiment 1, the chicks were divided into 5 groups of 6 replicate pens of 2 birds each. The chicks in 1 group were maintained on the basal diet, and the chicks in another group were fed the high-(40%) protein diet. The ingredient composition of the high-protein diet has been reported previously (Adams and Davis, 2001) . The chicks in the remaining 3 groups were fed the basal diet supplemented with 9.5% L-Glu, 6% L-Ala, or 5% Gly. The addition of L-Glu, L-Ala, and Gly was at the expense of sand in the original adjusted basal diet (Adams and Davis, 2001) , and to keep the diet isocaloric to the basal and high-protein diets, the corn oil of the basal diet was reduced from 11.50 to 8.10, 9.40, and 10.60% for the L-Glu-, L-Ala-, and Gly-supplemented diets, respectively. Each supplement contributed an additional 0.90% total N to the diet, which made the total amount of dietary N present in the basal-supplemented diets equivalent to the total amount of N present in the dispensable amino acid-supplemented basal diet utilized in our previous research (Chendrimada et al., 2006) . The chicks were given free access to these diets for 24 h. At the end of the experiment, total feed consumption was determined for each pen, and liver samples were collected from each bird and combined by pen for RNA extraction.
Experiment 2 had an equivalent protocol as experiment 1 except for the dietary treatments. There were 4 dietary treatments consisting of 6 replicate pens of 2 birds each. One group of birds was maintained on the basal protein diet, whereas the other groups were fed either the highprotein diet or the basal diet supplemented with either 4.25% dibasic ammonium phosphate or 5.08% ammonium bicarbonate. The addition of the ammonium phosphate and ammonium bicarbonate supplements was at the expense of sand in the original adjusted basal diet (Adams and Davis, 2001 ). The amount of total N present in the supplemented basal diets was equivalent to that provided by the amino acid-supplemented diets in experiment 1.
Experiment 3
A broiler grow-out experiment was conducted to determine if supplementing a standard corn-soy diet with LGlu would reduce the amount of abdominal fat present in broilers at processing age. A total of 500 straight-run 1-d-old broiler chicks (Ross × Ross, ConAgra, Athens, GA) were obtained and distributed to 24 floor pens containing pine shaving litter. The pens were maintained in an environmentally controlled room under a 24-h light cycle. Twenty pens with 20 chicks each (0.17 m 2 /bird) were randomly assigned to 4 diets (5 replicate pens per treatment). From 0 to 21 d, the chicks in these pens were fed either a practical corn-soybean meal diet or the cornsoybean meal diet supplemented with 2.3, 4.7, or 9.5% LGlu (Table 1 ). The remaining 4 pens each contained 20 chicks, and these chicks were fed a diet that was similar to the 9.5% L-Glu-supplemented diet, except that the LGlu was replaced by glucose monohydrate and sand. This final diet was included as a control diet to ensure that any differences between the practical corn-soybean meal diet and the diet supplemented with 9.5% L-Glu were related to the Glu supplementation and not due to the increase in the fat content of this diet to keep it isocaloric to the practical corn-soybean meal diet. After 21 d, the chicks were fed grower-finisher diets supplemented with L-Glu at levels equivalent to those used in the starter diets (Table 2) .
Feed intake and BW were measured on d 21 and 40. On d 37, two birds were randomly selected and killed Calculated analysis was based on Dale (2001) . Analyzed values were not obtained. 4 The CP content of the diets does not reflect the addition of the L-Glu supplements. Calculated analysis was based on Dale (2001) . Analyzed values were not obtained. 4 The CP content of the diets does not reflect the addition of the L-Glu supplements. from each pen. Liver samples were collected and pooled from the birds from each pen for subsequent RNA extraction. On d 40, ten birds (5 males and 5 females) were randomly selected from each pen for abdominal fat pad measurements. In addition to this, 5 more birds were randomly selected from each pen to obtain fresh prechilled carcass weights. All selected birds were fasted overnight and processed the next day. To measure abdominal fat pad, New York dressed broilers were chilled overnight at 4°C. The following day, fat pads were removed from each bird and weighed.
RNA Extraction and Northern Blot Analysis
Total RNA was extracted from liver samples pooled by pen using a guanidinium thiocyanate-phenol-chloroform method (Chomczynski and Sacchi, 1987) . Total RNA (40 g/sample) was electrophoresed on an agarose-formaldehyde gel and then transferred to a nylon membrane as previously described (Davis and Johnson, 1998) . Duck malic enzyme (Glynias et al., 1984) , chicken histidase (Chendrimada and Davis, 2005) , and chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Davis and Johnson, 1998) cDNA clones were prepared and labeled with 32 P for Northern blot analysis as previously described (Davis and Johnson, 1998) . The hybridization and densitometry procedures followed those described previously (Davis and Johnson, 1998) . There were 2 blots for each experimental period, and the replicate samples for each dietary treatment were divided equally between the 2 blots. The 2 blots were hybridized at the same time and exposed together on the same film. The blots were stripped (Davis and Johnson, 1998) of the previously hybridized probe before being hybridized with a subsequent probe. The order of the hybridizations was malic enzyme, histidase, and GAPDH. The relative mRNA expression of malic enzyme or histidase was determined for the samples of each blot by calculating the signal intensity of each sample relative to the strongest signal, which was assigned a value of 1. Before calculation of relative malic enzyme or histidase mRNA levels, GAPDH mRNA expression was used to correct the malic enzyme and histidase values for equality of RNA loading and transfer for each blot.
Statistical Analyses
Data from each experiment were subjected to ANOVA according to the GLM procedure, and Tukey's multiplecomparison procedure was used to detect significant differences among the dietary treatments (Neter et al., 1990) . All statistical procedures were done with the Minitab Statistical Software package (Release 13, State College, PA). Differences were considered significant when P < 0.05.
RESULTS
Experiments 1 and 2
Food consumption for the 24-h experimental period was significantly depressed in chicks fed either the Gly- Values within a column without a common superscript letter differ (P < 0.05). supplemented diet (experiment 1) or the dibasic ammonium phosphate-supplemented diet (experiment 2) when compared with chicks fed any of the other experimental diets (Table 3) .
Because of limitations in the number of RNA samples that could be electrophoresed in 1 gel, RNA samples from the chicks fed the Glu-, Gly-, Ala-, ammonium bicarbonate-, or ammonium phosphate-supplemented diets were each electrophoresed with the RNA samples obtained from the chicks fed the basal and high-protein diet on separate gels. Malic enzyme mRNA expression in chicks fed the Glu-and the Ala-supplemented diets was significantly lower than in the chicks fed the basal diet but not as low as in the chicks fed the high-protein diet ( Figure  1 ). Hepatic histidase mRNA expression was not altered in chicks fed the Ala-supplemented diet (Figure 1 ). Histidase mRNA expression in chicks fed the Gly-supplemented diet was significantly greater than in the chicks fed the basal diet but not as great as in the chicks fed the highprotein diet (Figure 1) .
Feeding broiler chicks diets supplemented with ammonium bicarbonate or dibasic ammonium phosphate lowered malic enzyme mRNA expression to a level that was equivalent or even lower than the level in chicks fed the high-protein diet (Figure 2) . Histidase mRNA expression, however, was not altered in chicks fed either the ammonium bicarbonate-or ammonium phosphate-supplemented diets compared with chicks fed the basal diet (Figure 2 ).
Experiment 3
During the starter period (0 to 21 d), birds fed the 4.7 and 9.5% Glu-supplemented diets had significantly lower BW gain and food consumption than the birds fed the practical corn-soybean meal, control, or the 2.3% L-Glusupplemented diets (Table 4) . Compared with all the other dietary treatments, food consumption was significantly lower in the birds fed the diet containing the highest level of Glu (Table 4) . However, there were no signifi- Figure 1 . The relative density of hepatic malic enzyme (A) and histidase (B) mRNA of chicks fed the basal diet, high-protein diet, or the basal diet supplemented with 9.5% L-Glu, 5% Gly, or 6% L-Ala (experiment 1) for 24 h. Values are means ± SEM, n = 6 replicate pens.
a-c
Means with different letters differ (P < 0.05). Note that the relative densities of malic enzyme and histidase mRNA to one another are specific for each dietary group and that all statistical comparisons are within a given dietary group. cant differences in the feed:gain values among the broilers fed the different dietary treatments (Table 4) .
In the finisher period (21 to 40 d), BW gain and food consumption in birds fed the diet supplemented with 2.3% Glu was lower than in the birds fed the practical corn-soybean meal diet (Table 4 ). The feed:gain value of birds fed the control diet was significantly lower than any of the values obtained for birds fed any of the other diets (Table 4 ). The relative hepatic mRNA expression of Means with different letters differ (P < 0.05). Note that the relative densities of malic enzyme and histidase mRNA to one another are specific for each dietary group and that all statistical comparisons are within a given dietary group. malic enzyme on d 37 was (mean ± SEM) 0.73 ± 0.09, 0.66 ± 0.02, 0.36 ± 0.04, 0.39 ± 0.03, and 0.37 ± 0.06 for the broilers fed the practical corn-soybean meal diet, the control diet, and the practical corn-soybean meal diet supplemented with 2.3, 4.7, or 9.5% Glu, respectively. There was no difference in the mRNA expression of malic enzyme between the broilers fed the practical corn-soybean meal Table 4 . Body weight gain (BWG), feed intake, and feed conversion in broilers fed the basal diet; the basal diet supplemented with 2.3, 4.7, and 9.5% Glu; or the control diet during the grower (0 to 21 d), finisher (21 to 40 d) , and the entire grow-out period (0 to 40 d; experiment 3) Values within a column without a common letter superscript differ; P < 0.05.
1
Values are means ± SEM, n = 5 replicate pens of 20 birds each for the basal diet; 2.3, 4.7, and 9.5 % Glu-supplemented diets; and n = 4 replicate pens of 25 birds for the control diet. Values are calculated on a per-bird basis.
and control diets or among the broilers fed any of the Glu-supplemented diets. However, the relative hepatic mRNA expression of malic enzyme was greater in the broilers fed the practical corn-soybean meal diet and the control diet than in the broilers fed any of the Glu-supplemented diets.
For the entire experimental period (0 to 40 d), birds fed the basal corn-soybean meal diet gained more weight than the birds fed any of the diets supplemented with Glu (Table 4) . Birds fed the control diet and the diet supplemented with 9.5% Glu had the lowest feed:gain values (Table 4 ). There were no significant differences in the prechilled percentage carcass yields among the birds fed the different dietary treatments (Table 5 ). Birds fed the 2.3, 4.7, and 9.5% Glu-supplemented diets had significantly lower relative abdominal fat pad weights than birds fed the practical corn-soybean meal diet or the control diet (Table 5 ).
DISCUSSION
The current research was unique in that it was designed to determine if dietary supplements of individual amino acids or nonprotein N sources had an effect on malic enzyme and histidase mRNA expression. Previous research indicated that an increase in the concentration of dietary protein or mixtures of amino acids increased the Table 5 . Carcass characteristics of broilers at 40 d of age fed a practical corn-soybean diet or this diet supplemented with L-GLU or glucose monohydrate (control diet, experiment 3)
Carcass
Relative yield Values within a column without a common superscript letter differ (P < 0.05).
1
Values are means ± SEM per pen, with 5 replicates of 5 birds for yield and 10 birds for fat pad for the basal diet; 2.3, 4.7, and 9.5% Glusupplemented diets; and with 4 replicates of 5 birds for yield and 10 birds for fat pad for the control diet. mRNA expression and the enzyme activity of histidase, the primary catabolic enzyme for His metabolism (Scott and Austic, 1982; Keene and Austic, 2001; Chendrimada and Davis, 2005; Chendrimada et al., 2006) , and decreased the mRNA expression and the enzyme activity of malic enzyme, a key regulatory enzyme in de novo fatty acid synthesis in birds Steele, 1985, 1990; Rosebrough et al., 1988 Rosebrough et al., , 1996 Rosebrough et al., , 1999 Rosebrough et al., , 2002 Adams and Davis, 2001; Chendrimada et al., 2006) . Furthermore, previous research also indicated that glucagon regulated malic enzyme and histidase mRNA expression in the chick and suggested that glucagon was a key regulatory factor that mediated the divergent response of these 2 enzymes to the intake of dietary protein or amino acid mixtures (Chendrimada et al., 2006) . The results from the current research are the first to indicate that the changes in the mRNA expression of malic enzyme and histidase to dietary protein are not completely mediated by the same mechanisms. Specifically, it appears that the regulation of malic enzyme mRNA expression may be based simply on dietary N intake, whereas the expression of histidase mRNA may be linked to the dietary intake of specific amino acids. Although it appears that malic enzyme mRNA levels are regulated by dietary N, a definitive conclusion to this effect cannot be made, because the N from the nonprotein N sources can be utilized to form amino acids.
The decision to use individual dispensable amino acids in the current research was made because dietary excesses of dispensable amino acids tend to have less effect on food consumption when compared with feeding a diet containing excess levels of an individual indispensable amino acid. Furthermore, dietary supplements of a mixture of dispensable or indispensable amino acids had each altered the mRNA expression of malic enzyme and histidase in a similar fashion (Chendrimada et al., 2006) . Of the 3 amino acids chosen to supplement the basal diet, only the Gly supplement depressed food intake by broiler chicks. Davis and Austic (1997) reported a decrease in total food consumption over a 9-d period in Leghorn chicks that were fed a protein-adequate diet supplemented with 4% Gly. The current research indicates that the aversion of chicks to a protein-adequate diet supplemented with 5% Gly develops very quickly. Goldman et al. (1985) found that when well-fed ducklings were starved, the level of malic enzyme mRNA rapidly decreased. The maximum inhibition of the transcription of malic enzyme mRNA by starvation occurs within 3 to 6 h of food removal (Goldman et al., 1985) . Even though the situation for the birds fed the basal diet supplemented with Gly or ammonium phosphate is not equivalent to fasting, the reduced food consumption could have contributed to the reduced levels of malic enzyme mRNA expression in chicks fed these diets. In fact, the reduced food consumption with these 2 diets probably explains why the expression of malic enzyme in birds fed these 2 dietary treatments was equivalent or lower than the chicks fed the high-protein diet, even though the total dietary N content of the 2 basal-supplemented diets was intermediate to the basal and highprotein diets.
The severe reduction in food consumption in birds fed the dibasic ammonium phosphate-supplemented diet may have been due to a Ca-P imbalance. Holcombe et al. (1976) reported that laying hens exhibited an aversion to a 2.43% P diet compared with a 1.00% P diet when both diets contained 3% Ca. However, when the Ca level of the 2.43% P diet was elevated to 6%, the hens increased the consumption of this diet (Holcombe et al., 1976 ). In the current research, the amount of dietary P was increased by 1% when the ammonium phosphate supplement was added to the basal diet and the Ca content of the diet was not adjusted. The decision not to adjust the Ca content of the diet was based on the assumption that because the experimental duration was only 24 h, the poor Ca:P ratio would not affect food consumption. However, the broilers appeared to detect and respond to the imbalance in the Ca:P ratio very quickly. Feed intake of the broilers fed the dibasic ammonium phosphatesupplemented diet was significantly lower at 6 h (6 ± 1.5 vs. 16 ± 1.8, mean ± SEM, g/chick) than in broilers fed the basal diet.
In contrast to the results for malic enzyme, not all of the dietary supplements to the basal diet altered histidase mRNA expression. Only Gly supplementation significantly increased the mRNA expression of histidase. Although the increase in histidase mRNA expression by feeding the dietary Gly supplement is confounded by the decrease in food intake by birds fed this supplement, it appears that Gly may be a potent stimulator of the expression of hepatic histidase mRNA, because the decrease in food intake associated with feeding the dibasic ammonium phosphate supplement did not alter histidase mRNA expression. Previously, Chendrimada and Davis (2005) reported that supplementing the basal diet with His had no effect on histidase mRNA expression. Determining the specific amino acids that mediate the effect of dietary protein on histidase mRNA expression could help elucidate the hormonal and transcriptional factors involved in this response.
The problem of excess body fat continues to be a financial liability for the poultry industry, in particular, the accumulation of excessive body fat in the abdominal area.
As an ever-increasing proportion of poultry products are sold as cut up and deboned products, it is no longer possible to include abdominal fat pads with the whole carcass. Thus, they may enter the rendering chain at a drastic decrease in value. Increasing the dietary protein content of broiler diets reduces abdominal fat pad weight (Cabel et al., 1988; Cabel and Waldroup, 1991; Summers et al., 1992; Deschepper and De Groote, 1995; Smith et al., 1998; Sklan and Plavnik, 2002) . Previous research in our laboratory established that feeding broilers increasing dietary levels of protein reduces hepatic mRNA expression and subsequently the activity of malic enzyme, a key regulatory enzyme in the production of de novo fatty acids (Adams and Davis, 2001 ). However, the previous research in our laboratory and experiments 1 and 2 of the current research utilized semipurified diets and involved feeding the diets to broilers for 24 h or less. Experiment 3 of the current research was completed to determine if feeding a practical corn-soybean meal diet containing a supplement known to reduce malic enzyme mRNA expression to broilers from 0 to 40 d of age would reduce abdominal fat pad weight at processing age. L-Glutamic acid supplementation of a practical corn-soy broiler diet significantly reduced abdominal fat pad weights at slaughter. The difference in abdominal fat pad weight between a bird fed the practical diet supplemented with 2.3% L-Glu and one fed the practical diet was 7 g, and this difference increased to over 12 g for a bird fed the diet supplemented with 9.5% L-Glu. These results clearly demonstrate the potential utility of limiting the expression of malic enzyme activity in reducing abdominal fat pad size. Further research is needed to determine if an inexpensive dietary N supplement can be identified, which when added to practical broiler diets, reduces abdominal fat pad weights without causing a decrease in total weight gain and performance efficiency. In addition, further research is needed to determine the least amount of dietary supplementary N needed to significantly reduce fat pad weight and to determine if the additional dietary N could be fed for a shorter duration, possibly just during the finisher period, and still significantly reduce abdominal fat pad weights.
In summary, supplementing a protein-adequate diet with the dispensable amino acids L-Glu, L-Ala, or Gly as well as with the nonprotein N sources dibasic ammonium phosphate or ammonium bicarbonate significantly lowered the hepatic mRNA expression of malic enzyme. In contrast, histidase mRNA expression was only altered by the Gly supplement. Supplementing a practical, nutrientadequate corn-soybean meal diet with 2.3, 4.7, or 9.5% Glu during an entire 40-d broiler production cycle reduced the abdominal fat content of these birds. The results suggest that hepatic malic enzyme mRNA expression may be regulated by dietary N content, whereas hepatic histidase mRNA expression is regulated by specific amino acids.
